Introduction
Photosensitive polymers have been utilized as photoresists for patterning of integrated circuits (ICs), buffer-coat layers for IC chips, interlayer dielectric films for multilayer wiring substrates and manufacturing of printing plates, etc [1, 2] . Photosensitive polymers for fabrication of ICs are required to have sub-hundred-nanometer resolution, high sensitivity and good resistance to dry-etching. On the other hand, the resolution of photosensitive polymers needed for surface mount technology and production of printed wiring board is not very high (10-100μm) , while the polymer films are required to have good mechanical and thermal properties because of permanent remaining of the films in the manufactures. Thus, polyimides, and poly(amic acid)s as their precursors, have been usually used as the photosensitive polymers for such purposes [3] [4] [5] [6] . However, functional groups for addition of photosensitivity must be introduced into the polymer structures, and this brings about problems such as increased difficulty in polymer synthesis, decreased physical and mechanical properties of the polymers and needs of heating after pattern formation (> 300 o C) for conversion from amic acids to imides.
To resolve these problems, we have developed a novel pattern-forming process, Reaction Development Patterning (RDP), for unfunctionalized polyimides, polycarbonates (PCs), polyesters and vinyl polymers [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In RDP, a photosensitive agent (diazonaphthoquinone, DNQ) in the system plays a role in differentiating permeability of a developer into the exposed area from that into the unexposed area. Then, nucleophile in the preferentially permeated developer at the exposed area undergoes nucleophilic acyl substitution with carboxylic acid derivatives (-C(O)-X-) such as imide groups and ester groups in the polymer chain (Scheme 1). This reaction induces increase in solubility of the polymers into the developer, and thus, positive-tone patterns are formed by selective dissolution of the exposed area. One of the characteristics of RDP is that, in principle, every polymer can be used as a photosensitive polymer when it has functional groups to react with nucleophile in developer and the reaction products have solubility into the developer.
We have examined application of RDP to commercially available engineering plastics such as polyetherimides, PCs and polyarylates (PArs) [7] [8] [9] [10] . However, organic solvents were required for short-time development of RDP-based photosensitive PArs [10] , and long development time was needed to realize development by aqueous alkaline solutions without any organic solvents.
On the other hand, hyperbranched polymers have attracted much interest due to their unique physical and chemical properties derived from their structure, such as good solubility, low solution and melt viscosity and multi-functionality at chain-ends [19] . Thus, in this study, we report pattern formation of RDP-based photosensitive hyperbranched aromatic polyesters (HBPEs) using aqueous solution of tetramethylammonium hydroxide (TMAH) as a developer. We synthesized HBPEs from terephthaloyl chloride (TPC) as a bifunctional monomer and 1,1,1-tris(4-hydroxyphenyl)ethane (THPE) as a trifunctional monomer by solution polymerization at room temperature [20] . The phenolic hydroxyl groups in the resulting polymers were then reacted with benzoyl chloride (for HBPE) or 4-nitrobenzoyl chloride (for HBPE-NO 2 ) (Scheme 2). Effect of polymer structure on RDP process is examined by comparing pattern formation from HBPEs with that from linear polyarylate (LPAr).
Method

Materials
LPAr (U polymer ® , Scheme 2) was kindly supplied from Unitika, Ltd. BADNQ2 (Scheme 2) as a DNQ compound was kindly donated from Toyo Gosei Co., Ltd. Other reagents and solvents were obtained from commercial sources.
Measurement 1
H-NMR spectra were recorded on a BRUKER DRX300 spectrometer (300 MHz). Molecular weight was determined by GPC (TOSOH TSKgel GMHHR-M column, polystyrene standards) equipped with UV detector (TOSOH, RI-8021) with DMF containing LiBr (30 mmol/L) and phosphoric acid (60 mmol/L) as a mobile phase. T g was determined as the onset temperature by differential scanning calorimetry (DSC) analysis (Shimadzu, DSC-60). Thermal decomposition temperature was determined as the 5 and 10% weight loss temperature by thermogravimetric analysis (Shimadzu, TGA-60). Film thickness was measured with a contact-type thickness analyzer (Nikon, DIGIMICRO MFC-101). Photo-irradiation was conducted by a UV exposure apparatus equipped with ultra high-pressure mercury lamp (ORC, JP-2000-EXC), and exposure dose was measured in wavelength of 320-390nm (ORC, UV-331AP2). Scanning electron micrograph (SEM) was taken with a JEOL JSM-6390LV instrument.
2.3. Synthesis of hyperbranched aromatic polyesters THPE (2.68 g, 8.75 mmol) was dissolved in 71 mL of tetrahydrofuran (THF). To the solution, triethylamine (TEA) (3.7 mL, 26.5 mmol) and TPC (1.33 g, 6.55 mmol) dissolved in 35mL of THF were added under ice bath over 60 min, and the mixture was stirred under N 2 for 24 h at room temperature. Then, TEA (3.7 mL, 26.5 mmol) and benzoyl chloride (3.0 mL, 26 mmol) or 4-nitrobenzoyl chloride (4.82 g, 26mmol) dissolved in 20mL of THF were added to the resulting solution under ice bath over 30 min, and the system was stirred under N 2 for 3 h at room temperature. The resultant mixture was filtrated and the filtrate was poured into 2 L of methanol. The obtained precipitate was collected by filtration and dried at 50 °C in vacuo to afford HBPEs in 55% yield (HBPE) and 68% yield (HBPE-NO 2 ), respectively.
Pattern formation
A pattern formation from HBPE is shown as an example. 20 wt% of HBPE was dissolved in N-methylpyrrolidone (NMP). BADNQ2 as a photosensitive agent (20 wt% for HBPE) was dissolved in the NMP solution. The resulting solution was degassed and spin-coated onto a mat side of a copper foil, and pre-baked at 90 °C for 10 min in a far-infrared oven to give the film with about 14 μm in thickness. The obtained film was then irradiated with an ultra high-pressure mercury lamp without any filter at both i and g lines through a positive photomask in a contact technique. The exposed film was immersed in a TMAHaq at 50 °C for development and rinsed with pure water.
Results and Discussion
Synthesis of hyperbranched polyesters
Hyperbranched aromatic polyester with phenolic end groups (HBPE (no end-capping)) was synthesized by direct polycondensation between TPC and THPE. The phenolic hydroxyl groups in the resulting polymer were then reacted with benzoyl chloride and 4-nitrobenzoyl chloride to give HBPE and HBPE-NO 2 , respectively. Thus, we obtained two types of hyperbranched polyesters, that is, HBPE as a hyperbranched analogue of LPAr and HBPE-NO 2 having electron-withdrawing nitro groups at the branched terminals. Properties of the obtained HBPEs and LPAr were shown in Table 1 .
Lithographic evaluation
We applied RDP to the HBPEs by using TMAHaq. as a developer. Films of LPAr, HBPE, and HBPE-NO 2 containing a photo-sensitive agent, BADNQ2, were irradiated with 500 mJ/cm 2 of exposure dose and then developed with 25wt% TMAHaq. to afford fine positive-tone patterns (Table 2) . Though the development time of HBPE did not change significantly when compared with that of LPAr, HBPE-NO 2 realized much shorter development time (Fig. 1) . We suppose that these results are based on the following two factors. The first one is that the introduction of electronwithdrawing nitro groups improves reactivity of adjacent ester linkages toward nucleophilic OH -in the developer to produce HBPE with many phenolic OH terminals. Another factor is so-called polymer effect. Once polymers are hydrolyzed to generate phenolic hydroxyl groups, reactivity of the ester linkages located near the hydroxyl groups is improved by increase of local concentration of OH -around the hydroxyl groups by hydrogen bounding between them [21] .
3.3 Analysis of the mechanism of RDP The positive pattern-forming mechanism of RDP has been proposed in the previous studies [7] [8] [9] [10] , and pattern formation of HBPEs is also considered to occur by the same mechanism (Fig. 2) . In the exposed area, DNQ changes to indenecarboxylic acid, and this carboxylic acid reacts with the TMAH in the developer to produce ammonium salt in the film. The salt promotes permeation of the hydrophilic developer into the exposed area, and the reaction of the hydroxyl anion with ester groups in the polymers occurs selectively at the exposed area. The resulting products are then dissolved into the developer due to their higher solubility than the corresponding non-reacted polymers. On the other hand, in the unexposed areas, photo-rearrangement of DNQ does not take place, and as a result, permeation of the developer and the reaction of the hydroxyl anion with the ester groups are difficult to [-]
[℃] 1 H-NMR spectrum of the resulting product after development is shown in Fig. 3 . The 1 H-NMR spectrum shows signals assigned to the monomers, terephthalic acid derived from TPC and THPE, and 4-nitrobenzoic acid derived from the end groups. However, no signal that can be assigned to the original HBPE-NO 2 protons was observed. This result suggests that RDP of HBPE-NO 2 is not based on solubilization of the polymer by the reaction at the end groups but on decomposition of the polymer induced by nucleophilic attack of the OH -to the ester linkages to give low-molecular-weight products. 
